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ABSTRACT

Rare-earth based A2B>O7 compounds have been considered as potential host materials for nuclear
waste due to their exceptional chemical, physical, capability of accommodating high concentration
of actinides at both A- and B-sites, negligible leaching, tendency to form antisite defects, and

radiation stabilities. In this work, LaoHf>0O7 (LHO) and Gd2Hf>07 (GHO) nanoparticles (NPs) were



chosen as the RE-based hafnates to study the structural changes and the formation of different U
molecular structures upon doping (or alloying) at high concentration (up to 30 mol%) using a
combined co-precipitation and molten-salt synthesis. These compounds form similar crystal
structures, i.e. ordered pyrochlore (LHO) and disordered fluorite (GHO), but are expected to show
different phase transformations at high U doping concentration. X-ray diffraction (XRD) and
Rietveld refinement results show that the LHO:U NPs have high structural stability whereas the
GHO:U NPs exhibit highly disordered structure at high U concentration. Alternatively, the
vibrational spectra show an increasingly random oxygen distribution with U doping, driving the
LHO:U NPs to the disordered fluorite phase. X-ray spectroscopy indicates that U is stabilized as
different U* species in both LHO and GHO hosts, resulting in the formation of oxygen vacancies
stemming from the U local coordination and different phase transformation. Interestingly, the
disordered fluorite phase has been reported to have increased radiation tolerance, suggesting
multiple benefits associated with the LHO host. These results demonstrate the importance of the
structural and chemical effect of actinide dopants on similar host matrices which are important for
the development of RE-based hafnates for nuclear waste hosts, sensors, thermal barrier coatings,

and scintillator applications.
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1. Introduction

The global challenge in the current nuclear technology is the management of radioactive
waste after the spent nuclear fuels are reprocessed.! Multiple materials for high level waste (HLW)
forms have been studied since 1950s, with investigations in borosilicate-,>> phosphate-,* and

nepheline-syenite-based glasses,’ various polyphase ceramics,® bituminous, and concrete



materials’ due to their stability for long-time storage of nuclear waste. Among these different types
of waste forms, borosilicate glasses have been widely used as host matrices to immobilize HLW
for more than 25 years.® Unfortunately, borosilicate glass waste form tends to devitrify in the
presence of water and steam due to the high temperature (300 °C in salt or 400 °C in other rocks)
and pressure environment, resulting in damages to the glass container after burial in geological
repositories.® Moreover, the high possibility of devitrification in these conditions increases the
leachability of few highly dangerous species such as cesium and actinides.®

To overcome these devitrification issues, A2B>0O7; compounds have been used as a
replacement of borosilicate glasses in the disposition and transmutation of long-lived isotopes,
such as uranium, plutonium, neptunium, americium, and curium generated from nuclear power
and weapons programs.”!® For most materials, irradiation creates atomic-scale defects in the host
crystal, which accumulate with time and leads to material failure (i.e. amorphization or
microcracking). However, when A;B>07 pyrochlore structures are exposed to radiation, two
atomistic defects, cation antisite (0—Ap+Ba4) and anion Frenkel pairs (0 —Vo +0i), are created.!!
These defects are responsible for the pyrochlore to fluorite order-disorder phase transformation,
which contributes to maintaining the crystallinity of the host material.!''> Among these
compounds, RE-based hafnates RE;Hf>07 have been studied in the past decade as potential host
materials for HLW!? due to their outstanding properties such as low thermal conductivity,'* high
melting point,'> chemical and thermal stability.'®!7 Of the two possible crystal structures (ordered
pyrochlore and defect fluorite), the defect fluorite structure is more favorable when the ratio of the
A and B cation radii is less than 1.46 with oxygen vacancies randomly distributed on the anion
sites. On the other hand, ordered pyrochlore structure is stable when this ratio is greater than 1.46

with 8-fold oxygen coordinated RE*" site and 6-fold oxygen coordinated Hf*" site.!82! While



ordered pyrochlore structure can have the dopant ions distributed in both the cation sites, defect
fluorite structure has a better ability to tolerate radiation damage.?

HLW, such as uranium (U) and its isotopes, need to be properly disposed of at high
concentrations due to its presence in large quantities in spent fuel, even after reprocessing.* Due
to the multiple oxidation states and their respective health hazards, these compounds need to be
carefully contained in the proper host matrix.?* Depending on the synthesis conditions, thermal
treatment, and the host matrix, U can form UO4*, UO¢*, and UO,*" in different molecular
structures. Of these uranium ions, UO,?" is the most stable and established form of natural and
spent uranium in the environment.?® There is a large body of literature on studying the U oxidation
states in pyrochlore nanoparticles such as Gd2Zr,07, Nd2Zr,07, and LaxZr,07.2?” However, the
effect of high U doping concentration to the local structure, as well as the formation of different U
compounds in different host matrices, has not been investigated systematically for the formation
of highly stable HLW materials.

Therefore, in this work, the oxidation state of U ions and resultant molecular structures in
potential HLW host matrices of La2Hf>,07 (LHO) and GdHf,07 (GHO) were studied to elucidate
the effect of host structure (LHO with ordered pyrochlore structure vs. GHO with disordered
fluorite structure). For this purpose, U doped LHO and GHO nanoparticles (NPs) were synthesized
using a combined two-step co-precipitation and molten-salt method. XRD and Rietveld refinement
was performed to identify the lattice parameters after incorporation of U in the host matrices and
probe the crystal structure evolution with U doping. Next, XPS and XANES were employed to
study the change in the oxidation state of U with increasing U concentration in the hosts. The

characterization of the crystal structure evolution coupled with U oxidation state probing,



highlights the potentiality of LHO and GHO host matrices as a new generation of stable nuclear
waste forms that can provide long-life for nuclear waste storage.

2. Experimental

The synthesis process followed the combined co-precipitation and molten-salt synthesis
procedure previously reported.?® Specifically, lanthanum nitrate hexahydrate (La(NO3)3;+6H-0,
99.0%), gadolinium(III) nitrate hexahydrate (Gd(NO3)3-:6H20, 99.9%), hatnium dichloride oxide
octahydrate (HfOCL*8H20, 98%), and uranyl(VI) nitrate hexahydrate (UO2(NO3)2*6H20, 98-
102%) were used as reactants with no further purifications. For synthesizing the LHO:U NPs, a
stoichiometric mixture of La(NO3)3*6H20, UO2(NO3)2¢6H20, and 5 mmol of HfOCl,*8H,0 were
dissolved in 200 mL of water (Millipore, 18.2 MQ at 25 °C) with continuous stirring. Then 200
mL of 10% ammonia solution (NH4OH, 28-30%) was added dropwise into this solution with
stirring for 2 h. The resulting precursor was then washed, vacuum filtered, and dried at 90 °C
overnight. The dried precursor was mixed with sodium nitrate (NaNOs3, 98%) and potassium nitrate
(KNOs3, 99%) with a molar ratio of 1:30:30, and ground together using a mortar and pestle into a
fine powder. The powder was transferred to a crucible and annealed in a furnace at 650 °C for 6
h. The final product was washed with DI water several times and dried. Finally, a fine LHO:U
powder was obtained. In this work, the U doping levels for LHO and GHO are up to 30 mol%. A
similar process was followed for synthesizing the GHO:U NPs. To limit U contamination and
radiation exposure, all sample preparation was performed in designated areas within the fume
hood. Particulate masks were worn during handling of all U containing compounds in addition to
standard personal protective equipment. All waste was collected and disposed of through the

university radiation safety department.



The crystal structure of the LHO:U and GHO:U NPs was studied by performing powder
X-ray Diffraction (XRD) using PANalytical X-ray diffractometer operating at 45 kV and 40 mA.
The 28 radial scan was performed using Cu Ka (A = 1.54 A) radiation source from 5 to 70° with a
step size of 0.03°. Rietveld refinement was performed on the resultant diffraction patterns using
the GSAS 1I software?® for structural verification and phase quantification. Full structural
refinement was achieved by performing the procedure outlined in ref>°.

The Raman spectra for the LHO:U and GHO:U NPs were collected with a Renishaw
Raman spectrometer (Renishaw-2000 with 514 nm, 5 mW Ar laser or inVia Reflex Raman
Spectrometer with a 532 nm, 0.05 mW laser diode). Spectra were collected with an exposure time
of 0.5 s, and spectral resolution of 1 cm™. The diameter of the focused laser spot on the sample at
50x magnification was approximately 5 um. The spectra reported here are obtained after averaging
the data from three scans.

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) was performed
using a Perkins Elmer Optima 8000 with an auto sampler. Samples for ICP-OES analysis were
prepared by digesting 10 mg of the LHO:U or GHO:U NPs in a mixed HNO3 (MiliporeSigma,
65%) and HCI (VWR BDH Chemicals, 38%) solution heated to ~90 °C. Next, the digested sample
was diluted to 10 ppm using 2% HNO;. Meanwhile, metal ion (La, Hf, Gd, U) standards (1000
ppm, ARISTR) were diluted to 5, 10, 20 ppm with 2% HNO:s for calibration.

X-ray Photoelectron Spectroscopy (XPS) measurements of the LHO:U or GHO:U NPs
were performed on a Scienta Omicron ESCA 2SR XPS system equipped with a monochromatic
Al Ka (hv-1486.6 eV) X-ray source and a hemispherical analyzer with a 128-channel detector.
The inherent Gaussian width of the photon source was 0.2 eV and the pressure inside the chamber

was maintained at 1.5 x 10 Torr. The XPS spectra were calibrated to adventitious C 1s peak at



284.6 eV. Peak quantification was performed using Voigt function (70% Gaussian and 30%
Lorentzian) in CasaXPS software’! after subtracting the Shirley background. Soft X-Ray
Absorption Spectroscopy (XAS) was used to probe the local electronic structure of the LHO:U or
GHO:U NPs. O K-edge and U N-edge spectra were collected at the varied line space plane grating
monochromator (VLSPGM: 0.2-1.2 keV) beamline.?? The samples were dispersed on carbon tape
and were placed inside the vacuum chamber using a load-lock. Total electron yield (TEY)
detection mode with higher energy grating and 100 pm slit width was used for these low energy
XAS measurements. The obtained XANES data were analyzed using Athena software.*?
3. Results and Discussion

The LHO:U and GHO:U NPs were synthesized via the combined co-precipitation and
molten salt process with equimolar La+U (or Gd+U) to Hf precursor ratio as described in the
experimental section.?® All diffraction peaks of the XRD pattern of the LHO:U NPs (Figure 1(a))
are indexed to the cubic LaHf>07 phase (ICDD 037-1040, space group: Fd-3m),>* indicating no
impurity phases formation with up to 30 mol% U doping. The lattice parameters, calculated using
the Bragg’s law, are inversely proportional to the U concentration (Figure 1(c)) due to the smaller

size of U ions compared with La,>>3¢

confirming the incorporation of U into the LHO lattice in
accordance with the Vegard’s law. Similarly, the GHO:U NPs (Figure 1(b)) can also be indexed
to the cubic stoichiometric Gd2Hf207 phase (ICDD 24-0425, space group: Fm-3m) for low doping
concentrations. At 30 mol% U, the diffraction peaks include a shoulder at slightly higher angles
matching the non-stoichiometric Gdo.44Hfo.5601.78 phase (ICDD 04-002-0555, space group Fm-3m).
Unlike the LHO host, the lattice parameters of the GHO:U NPs (Figure 1(d)) are relatively constant

between 5.24 to 5.25 A for all doping concentrations except for the 30 mol% U, which is much

larger (5.29 A) due to the non-stoichiometry phase. The relatively stable lattice parameter of the



GHO:U NPs with low U concentrations corresponds to the similar size of Hf and U,*¢ allowing
the U to occupy Hf sites in GHO hosts. It is believed that this does not occur in the LHO due to
the different oxygen distribution of the two hosts. As shown in Figure 1 (c and d), the particle size
of the LHO NPs, calculated based on Scherrer equation, decreases with U incorporation (0 mol%
U, 14.8 nm; 5 mol% U, 14.0 nm; 30 mol% U, 5.8 nm). The undoped GHO NPs have sizes of 10.6
nm, which increases with U incorporation (5 mol%, 11.1 nm) with a slight reduction at 10 mol%,
the size slightly reduces to 10.9 nm. Finally, further increasing the U concentration to 30 mol%
results in particle sizes of 13.68 nm.

To further highlight the effect of U doping on the host matrices, Rietveld refinement was
performed. The XRD patterns for the undoped and 30 mol% U doped samples were refined using
La,Hf,07,3* GdHf07,%7 and Gdo4sHfo 560178 as structural models. Due to the high U
concentrations, attempts were made to refine these structures along with uranium oxide (i.e. UO2,
UOs3, Us0Os, etc.) as an initial models, but resulted in very high statistical values (Rp, Rwp > 20%
and x> > 10) or unstable refinements (data not included), indicating homogeneous dopant
incorporation. A summary of the crystallographic data and final refinement details are listed in
Tables S1 and S2 of the Supporting Information. The fits were deemed to be good based on these
parameters coupled with visual confirmation (see Figures S1 and S2). The refined LHO and GHO
lattice parameters were determined to be 10.799(8) and 5.263(6) A for the undoped and 10.745(0)
and 5.312(3) A for 30 mol% U doped crystals and are in good agreement with the calculated values.
From the refined crystal structure of GHO:U (30 mol%), the amount of Gd,Hf;O; and
Gdo44Hfy 560178 (a = 5.228(9) A) phases is estimated to be 31 and 69 wt%, respectively. The
schematic drawing in Figures S1 (b and d) and S2 (b and d) illustrates that U incorporation into

the La (in the case of LHO) and Hf (in the case of GHO) sites create noticeable effects on the



coordination environment. In the LHO crystal, the La/U-O bond length increases from 2.24 A to
2.33 A, which is coupled with an even greater decrease in the Hf-O bond length (from 2.44 A to
2.21 A), resulting in the observed reduction in the crystal size. However, in the GHO crystal, the
increasing Hf/U-O bond length (from 2.28 A to 2.30 A) combined with an equally increasing Gd-
O bond length causes the overall crystal structure to expand, which is consistent with Figure 1(d).
Based on these results, the U-O bond length in these crystals is approximated to be in the range of

2.30 to 2.33 A, which coincides with reported values for U%*-0Q.34
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Figure 1. XRD patterns of (a) the La,Hf,0,:U NPs (0, 5, 10, 20, 30%) with La,Hf,0O,
stoichiometry reference (ICDD 37-104) and (b) the Gd,Hf,0.,:U (0, 5, 10, 30%) with

Gd,Hf,0, stoichiometry reference (ICDD 24-0425) and Gd, ,,Hf; O, . reference (ICDD

04-002-0555), showing the formation of a non-stoichiometric phase at 30 mol% U doping. (c
& d) Dopant effect on lattice parameters and crystalline sizes of the La,Hf,0, and Gd,Hf,0,

hosts.

ICP-OES (Table 1) was performed to quantify the stoichiometries of the LHO:U and
GHO:U NPs. In the LHO:U NPs, the ratio of (La+U):Hf is not affected by the U concentration,
implying the substitution of U into the La sites. Additionally, the measured concentrations match

the co-precipitation solution indicating the facile incorporation at all U doping concentrations. On
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the other hand, the (Gd+U):Hf ratio becomes more uniform (1:0.79 to 1:0.89) with increasing U
doping concentration. This response suggests that the Gd-O-Hf bonds are more difficult to form
and is believed to be due to the oxygen distribution in the previously identified disordered fluorite
phase. The increased Hf incorporation at the GHO:U (30 mol%) NPs is believed to be caused by
the formation of the Gdo.44Hf0.5601.78 observed in the XRD pattern. These effects are believed to
be due to charge compensation stemming from the U%" replacing RE**/Hf*" and the formation of
oxygen vacancies. Overall, the two-step synthesis process'®2% 2830 results in highly doped LHO:U
and GHO:U crystalline NPs with unexpected phase transitions which are thought to be due to the
different interactions between the ordered pyrochlore/disordered fluorite phase and the U

incorporation.

Table 1. ICP data of the La,Hf20O7:U NPs (0, 10, 20%) and the Gd2Hf20O7:U NPs (0, 10, 30%)

La Hf U o
Stoichiometry
mmol/L mmol/L mmol/L
La,Hf,0;  1.20x10" 1.09x107 0 La,Hf| 075

La,Hf,05: 10%U 9.78x107 9.88x107 1.12x107 (Lag.eoUyg 10),Hf} 5,075
La,Hf,0,:20%U 1.80x107 2.02x102 4.23x107 (LaggoUp20),Hf; 51075

Gd Hf U
mmol/L mmol/L mmol/L
Gd,Hf,0,  1.13x10" 8.91x10% 0 Gd,Hf| 53075

Gd,Hf,07: 10%U 1.13x10" 1.04x10" 1.11x107 (Gdyg.0;Ug.00)-Hf} 67075
Gd,Hf,07:30%U 3.42x1072 4.15x107 1.28x107 (Gdy 73U0 27):Hf} 7,075

Raman spectroscopy was employed to further identify the change in the structure with
increasing U doping concentration in LHO and GHO host. The Raman spectra for the pyrochlore

LHO:U NPs has six Raman active modes, which are based on I' = Az + E; + 4F», according to
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group theoretical analysis*' (Figure S3(a)).'® Meanwhile, additional peaks at ~717 cm™ and ~765
cm! are observed with 5 mol% U doping due to the U-O stretching vibrations in typical U®*
structure (Orthorhombic a-UQO;3).#*** These vibrations red shift to 700 cm™ and merge with
increasing U doping concentration, indicative of elongated U-O bonds. Additionally, the
pyrochlore peaks are broadened and are still present at the highest U concentration (Figure S3(b)),
suggesting a transformation to the disordered fluorite structure. Conversely, since O> ions are
randomly distributed around both cation sites, only one Raman active mode (F2,) is expected for
the disordered fluorite GHO:U NPs (Figure S3(c)).** This peak is not present at 30 mol% U due
to the formation of the defect phase. Similar to the LHO:U NPs, the peak at ~716 cm™ and the
shoulder peak at ~771 cm! red shift with increasing U incorporation. This red shift is correlated
to an extension of the RE-O bonds, and agrees with the larger lattice parameter and elongated
La/Gd-O bond observed in the Rietveld refinement at 30 mol% U. Overall, the combination of
Rietveld refinement and Raman results confirm the formation of U%"-O structures in both host
matrices. Furthermore, the GHO:U NPs undergo a phase transformation as seen in the XRD
patterns (Figure 1), while the LHO:U NPs have a relatively stable pyrochlore/disordered fluorite
structure even at high U concentrations.

XANES and XPS were performed to confirm the oxidation state of U and understand the
respective cluster formation in the LHO:U and GHO:U NPs. Figure 2 shows the O K-edge XANES
of LHO, GHO, and UO; and U3Og standards. In LHO (Figure 2(a)), a pre-edge peak at 530.0 eV
appears at 5 mol% doping and increases proportionally with increasing U doping concentration.

This is ascribed to a U 5f— O 2p hybridized band, which can be attributed to the pre-edges of either
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U305 or UO; standards.*® The hybridized O 2p
- La 5d/Hf 5d t2¢ orbitals signature at 533.1 eV
(#) has two distinct peaks for the undoped LHO
which has been attributed to a distorted La/Hf-
O octahedra.*® After introducing U into the
LHO NPs, the peaks merge into a broadened
single peak due to the overlap with the
hybridized O 2p/U 5fstate and also distortion in
the crystal lattice.*’ Next, the appearance of the
ascribed transition of O 1s to a hybridized O
2p/U 6d tag orbital at 536.7 eV coincides with
the U®" absorption in U3Os standard.*: *® The
additional peaks observed are not affected by
the U inclusion: O 2p hybridized peaks at 538
eV (Hf 5d eo/La 6p states*®), and the peaks at
542.2-544 eV (Hf 6sp states*®). For comparison,
the XANES spectra of the GHO:U NPs are
shown in Figure 2(b). Interestingly, only minor
changes were observed with the peaks at 530.0

eV and 536.7 eV (#), which is regarded as the

(a) 530.0 eV 536.7 eV
La,Hf,0,:30% U
= La,Hf,0,:20% U
g | La,Hf,0,:10% U
=i
La,Hf,0,:5% U
[
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l N II N 1 N 1 N 1 N
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(b) 536.7 ¢V

Gd,Hf,0,:30% U|

Gd,Hf,0,:10% U
Gd,Hf,0,:5% U

norm p

530 540 550 560 570 580

Photon Energy (eV)

Figure 2. XANES O K edge of (a) La,Hf,0.:
U (0, 5, 10, 20, 30%) and (b) Gd,Hf,0,: U (0,
5, 10, 30%) comparing with UO,, and U,0
standards.
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consequence of the formation of U®" and defects.’® This can also explain the equivalence of the

cation sites in disordered fluorite structure, so that the incorporation of U can equally occupy any
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cation site without changing the overall local

La,Hf,0,:30% U Ols O ls

O-H o,

structure. Furthermore, the U N-edge was (@)

probed to directly quantify the U oxidation

|
LaZHf207:20°}|/o U,
I

states (Figure S4). In this case, a slight blue

wn
[aW}
@
shift’! was observed in the N edges
suggesting a slightly more oxidized state
while doping of the GHO resulted in no , TN — -
534 532 530 528 526
noticeable change in oxidation state. Binding Energy (eV)
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Ultimately, the O K-edge XANES spectra of La,Hf,07:30% U”ﬂn

the LHO and GHO hosts show the presence

of two different U®" molecular structures

CPS

which are responsible for the phase changes

seen in the previous XRD and Raman results.

Next, XPS was performed to study - P .

Binding Energy (eV)

the change in the concentration of oxygen () - !
La,Hf,0,:30% U La3d;, ~4 2% La3d

vacancies (Oy) and local coordination

environment of other cations in the host

CPS

matrix. Figures 3 and 4 show the O s, Hf
4p/U 4f, Hf 4f, Gd 4d, and La 3d detailed XPS

scans of the LHO:U and GHO:U NPs,

respectively. Initially, the LHO O 1s spectra 870 860 850 840 830
Binding Energy (eV)
(Figure 3(a)) exhibits an increase in Oy with Figure 3. (a) O 1s, (b) Hf 4f, and (c) La

3d XPS spectra of the LaxHf,07:U NPs
(0, 5, 10, 30%).

U concentration up to 20%, indicating the



formation of defected U sites which are
responsible for the Raman phase
transformation. The Oy concentration
then decreases as the U concentration
further increases to 30%. This is
attributed to a change from the UO¢® to
the UO,** structure according to charge
compensation. The Hf 4p/U 4f spectra
(Figure S5(a)) show the range of 375-
460 eV with the overlap of Hf 4p3/, and
U 4f7,2. The peaks Hf 4ps, (380.7 eV)
and Hf 4p;2 (437.5 eV) are identified by
undoped LHO reference. The peak
positions of U 4f;, and U 4fsp are
observed as 380.7 ¢V and 391.5 eV,
respectively, and are similar to those
expected for the U>*/U®" energies seen in
U30s.> In light of this, the uranium is
not expected to be reduced during the
synthesis, maintaining its U®" oxidation
state. In Hf 4f'and La 3d spectra (Figure
3(b, c)), no significant changes were
different

observed at U doping
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Figure 4. (a) O 1s, (b) Hf 4f, and (c) Gd 4d XPS

spectra of the Gd,Hf>07:U NPs (0, 5, 10, 30%).
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concentrations, showing that the local structures of these two sites are not affected by the
introduction of U. As a result, the oxygen vacancy concentration in this LHO:U matrix is
influenced by the formation of different forms of U®" (UO¢* and UO,*") at high doping
concentrations.

In the case of the GHO host, the Oy concentration increases upon incorporation of U and
remains relatively stable despite the growing U concentration (Figure 4(a)), which is in accordance
with the XANES results. The Hf 4p and U 4f spectra (Figure S5(b)) of the GHO:U NPs show the
same position of Hf 4p3, (380.7 eV) and Hf 4p;» (437.5 eV) compared to the undoped GHO
reference. Alternatively, the positions of U 4172 and U 4f5,> peaks red shift to 380.3 eV and 391.1
eV, respectively. These positions are at lower binding energy than that of UsOs,”> which shows
that U ions have a lower average oxidation state in the GHO host than the LHO host. In the Hf 4/
XPS spectra (Figure 4(b)), the peaks at 14.8 eV and 16.3 eV are observed in undoped GHO host
and are related to a HfO»« species, indicating the formation of oxygen vacancies surrounding the
Hf sites.? 3 After introducing U into the host matrix, these peaks disappear suggesting a more
uniform Hf binding environment throughout the crystal. Contrary to the Hf 4/ XPS spectra, the Gd
4d spectra do not change with U incorporation (Figure 4(c)) because Gd*>* cannot be further
oxidized. Therefore, the increasing U doping in the GHO host matrix directly affects the local
environment around the Hf sites. Meanwhile, the U doping does not significantly affect the overall
oxygen vacancy concentration of the GHO:U NPs. This result agrees with the conclusion from
XANES that the local structure of GHO remains stable with the incorporation of U.

The combined XANES and XPS results all indicate that U is stable as +6 oxidation state
in the LHO:U and GHO:U NPs. By increasing the U doping, a transformation between UO¢*

(LHO:20%U) or UO»*" (LHO:30%U) occurs in the LHO host which reduces oxygen vacancy
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concentration. In the GHO host, the UO¢* type polymorph is stable at all investigated
concentrations, driving the formation of a new defect phase at higher concentrations.!®>
Moreover, the Rietveld refinement confirms that the presence of Oy in both host matrices distorts
the octahedral coordination, which contributes to the calculated U%"-O bond length (2.30 - 2.33 A)
agreeing with the reported literature value (~2.11 = 0.22 A).>*** This U%"-O phenomena is seen in
other RE:Hf,0O7 compounds and is attributed to the structure of the host lattice, and their associated
oxygen defect distribution, exhibiting U®" luminescent signatures.!* Based on these results, it is
possible to control the U**-O group structure in complex oxides by controlling the initial oxygen

vacancy position and has important implications in the generation and storage of HLW without

having to worry about adverse environmental impacts.

4. Conclusion

In summary, LHO:U and GHO:U NPs were synthesized using a combined co-precipitation and
molten-salt synthesis method. XRD and Rietveld refinement results show that the LHO:U and
GHO:U NPs formed crystalline phases even at high U doping level (30% in this study). The lattice
parameter slightly decreases with increasing U doping due to the formation of UOx ion group with
different sizes compared with La** and Gd**. Raman suggested a transformation from pyrochlore
to disordered fluorite structure with increasing U concentration in the LHO host. Meanwhile,
Raman and XANES spectra show that U exists as U®* oxidation state in both LHO and GHO host.
A transformation from the UO4® to the UO,*" structure occurs in the LHO host as confirmed with
the observed changes of the lattice parameters, x-ray absorption, and oxygen vacancy Oy
concentration in the LHO:U NPs. Alternatively, UO¢> structure was formed and no U
transformation was observed in the GHO:U NPs, instead, a non-stoichiometric defect phase

appears and is attributed to the disordered Oy distribution in the disordered fluorite GHO host. The
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structure of the U%"-O cluster changes with increasing U concentration in the ordered pyrochlore
structured LHO:U NPs, driving the transformation into the disordered fluorite phase, but remains
stable in the defect fluorite structured GHO:U NPs. Overall, this LHO:U transformation allows for
high U storage while also resulting in a more radiation tolerant crystal structure. Based on this
study, the stability of U%"-O cluster is determined by the original Oy position in the host matrices
of rare-earth based A2B>07 compounds, which leads to a better understanding of structure-property
correlation at microscopic level and the dopant-host material relationship, and can be employed to

the design of HLW host materials.
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